Abstract Photobacterium species are Gram-negative coccobacilli which are distributed in marine habitats worldwide. Some species are unique because of their capability to produce luminescence. Taxonomically, about 23 species and 2 subspecies are validated to date. Genomes from a few Photobacterium spp. have been sequenced and studied. They are considered a special group of bacteria because some species are capable of producing essential polyunsaturated fatty acids, antibacterial compounds, lipases, esterases and asparaginases. They are also used as biosensors in food and environmental monitoring and detectors of drown victim, as well as an important symbiont.
Introduction
The genus bearing the name Photobacterium was first discovered by an environmental microbiologist Beijerinck (1889). The genus was named after its unique characteristic bioluminescence, which is the ability to emit visible light (Farmer Iii and Hickman-Brenner 2006) . Photobacterium is one of the oldest discovered genera in the family of Vibrionaceae under the class of Gammaproteobacteria. At present, 23 species and 2 subspecies have been validly named, and 5 other species have not yet been validated (Gomez-Gil et al. 2016) ( Table 1 ). The genus is ubiquitous in the oceans including coastal, open-ocean and deep-sea water habitat. Usually, it is in a symbiotic relationship with marine organisms as saprophytes and enteric commensal (Urbanczyk et al. 2011a) . Both luminous and non-luminous species are capable of growing not only on general media but also in selective media such as TCBS, which is used in the isolation of Vibrio (Gomez-Gil et al. 2011) . Photobacterium is closely related to the genus of Vibrio and Aliivibrio and possesses ubiquinone Q-8 as the dominant respiratory lipoquinone and C16:1 and C16:0 as the main fatty acids composition (Anzai et al. 2000; Park et al. 2006 ; Urbanczyk et al. 2011a) . Studies have shown that Photobacterium is a special group of bacteria because of their luminous activity and their use as a biosensor agent (Alloush et al. 2006) , as well as their capacity to produce products such as polyunsaturated fatty acids (Allen and Bartlett 2002) , antibacterial compounds (Oku et al. 2008) , lipases (Ryu et al. 2006) , asparaginases (Yaacob et al. 2014 ) and esterases (Shakiba et al. 2016) . Therefore, understanding the biology of Photobacterium is paramount to recognize the special 40.6-41.4 Gauthier et al. 1995; Kimura et al. 2000; Labella et al. 2011 P. damsalae subsp. NR not reported qualities of the genus. Here, we review the genus Photobacterium and its species based on general characteristics, pathogenicity, ecology, growth requirement, genome size and its arrangement and recent progress in phylogeny, as well as their importance.
Identifying characteristics of genus Photobacterium
This Gram-negative genus can be described as a non-endosporeforming coccobacillus or occasionally as rods. They are small, plump and motile using one to three uncovered polar flagella. However, some members are not motile. They are aerobic and facultative anaerobic. They are oxidase and catalase positive, able to convert nitrate to nitrite and require glucose as a primary carbon source and ammonium (NH 4 + ) as the main source of nitrogen. Some strains need amino acid for growth, while sodium is required for optimal growth (Farmer Iii and Hickman-Brenner 2006) . They form acid and gas or acid alone from glucose and other carbohydrate sugars, but not lactose (Hastings and Nealson 1981) . The size of this bacteria ranges between 0.8-1.3 μm in diameter and 1.8-2.4 μm in length (Fig. 1) . They are chemoorganotroph and grow at an optimal temperature of 18-25°C (Brenner et al. 2005 ).
Ecology, isolation and cultivation
Photobacterium species are found widespread in marine habitat (Baumann and Baumann 1981; Ruby et al. 1980) (Table 1) . They exist as free-living organisms in the water or commonly found on fish and other marine organisms. Most species are localized in the light organs of several marine organisms, especially of fish and squid (Kaeding et al. 2007; Urbanczyk et al. 2011a; Martini et al. 2013; Liu et al. 2014; Moreira et al. 2014 ). This type of association can be regarded as symbiotic growth in the light organs of fish and squid, either as pathogens or decomposers of dead fish, as well as commensals in the gut of many marine organisms (Martini et al. 2013) . Some Photobacterium species are found on the skin and in the intestinal tract, as well as gills of marine fish (Baumann and Baumann 1981) . Other species dwell in oceanic depth; hence, they are termed barophilic, which is the ability to grow under high atmospheric pressure (reviewed in Kato and Bartlett 1997) .
Species of Photobacterium can readily be isolated from seawater, marine organisms, marine sediments and saline lakes (Seo et al. 2005a; Yoon et al. 2005; Rivas et al. 2006; Jung et al. 2007; Kim et al. 2010; Moreira et al. 2014) . Two methods can be used to achieve this isolation: direct plating of seawater and enrichment from marine fish skin (Dunlap and Urbanczyk 2013) . Direct plating involves direct pouring of coastal seawater, usually 10-100 ml, on several Petri plates containing suitable growth media such as marine agar, TCBS, TSA, luminous media and artificial seawater agar (Urakawa et al. 1999) . The plates are then incubated at a temperature ranging from 15-20°C (Dunlap and Urbanczyk 2013) . Isolation of Photobacterium species from a sample containing a small number of Photobacterium or open-ocean seawater requires filtration of 5 to 300 ml of the sample through 0.20-or 0.45-μm membrane filters to collect the bacterial cells. Different growth media are used for the cultivation of Photobacterium: these include TCBS, TSA, blood agar and marine agar (Urakawa et al. 1999) , glycerol chalk media, luminous media, Photobacterium media and artificial seawater agar. Most of these media contained 0.5-5% salt concentration for normal growth and light emission capability.
Temperature is another factor used for determining their growth; most strains grow best at a temperature between 5 and 25°C. The requirement of pH is also essential to the members of Photobacterium, since they normally grow at pH 6 to pH 9. Their major sources of carbon come from the utilization of carbohydrates such as glucose, fructose, galactose, mannose and maltose and occasionally ribose and fucose. Despite glucose being the main source of carbon, some strains use amino acids to synthesize carbon (Hastings and Nealson 1981) . For example, different amino acids such as glutamic acid, serine, alanine and leucine determine the growth of many marine luminous Photobacterium (Brenner et al. 2005 ).
Phylogenetic tree of Photobacterium
As a result of recent development in phylogenetic analysis using 16S rRNA evaluation, many species that were previously classified under the genus Vibrio, Achromobacter and Hypomicrobium have now been reclassified in the genus Photobacterium and Aliivibrio (Fig. 2) . For example, Vibrio iliopiscarium is presently in the genus of Photobacterium (Urakawa et al. 1999) , while Vibrio fischeri and Vibrio logei are currently recognized as Aliivibrio species . Similarly, Hypobacterium indicum has been shifted to the genus Photobacterium as Photobacterium indicum (Xie and Yokota 2004) . In addition to 16S rRNA, another approach known as multilocus sequence analysis which involves the use of genes to code housekeeping protein is nowadays used to classify Photobacterium (Tindall et al. 2010) . The combination of two approaches (16S rRNA analysis and multilocus sequence analysis) has now been considered as a solution to the taxonomic problem, especially for Photobacterium species Dunlap 2004, 2005; Urbanczyk et al. 2011a ).
Photobacterium genome size and its arrangement
The first Photobacterium species genome project, that of the Photobacterium profundum SS9 was published in 2005 . Following the sequencing of the psychrotolerant piezophilic Photobacterium, there are 45 additional genomes that have been sequenced (Genome Online Database: www.genomesonline.org), whereby 20 genome sequences of Photobacterium are available in the NCBI database ( Table 2 ). The approximate genome size present in Photobacterium is between 3.9 and 6.4 Mb (Okada et al. 2005; Vezzi et al. 2005; Lauro et al. 2009; Urbanczyk et al. 2011a ). This range is highly similar with that of members of Vibrionaceae. Evidence from genome studies showed that some examined strains of Photobacterium have been found to contain two chromosomes of different sizes; that are large and small chromosomes. This type of chromosome make-up is a clear feature of Vibrionaceae (Egan et al. 2005; Okada et al. 2005; Vezzi et al. 2005; Ruby et al. 2005; Reen et al. 2006; Lauro et al. 2009; Urbanczyk et al. 2011a ). Understanding of the genome makeup for members of Photobacterium remains incomplete. However, studies suggested that each chromosome has an essential role to play within the cell content. Predominantly, many vital genes are localized on the large chromosome, while the small one contains lineage-specific genes. Moreover, the composition of genes and their positioning are well reserved on large chromosome compared to small chromosome (Reen et al. 2006) .
Apart from containing two unequal sizes of chromosomes, Photobacterium species also show different plasmid sizes according to their strains. P. profundum SS9 has a dispensable 80-kbp plasmid albeit the gene function remains unknown . Whereas, P. profundum 3TCK lacks the plasmid even though the genome structure and size are comparable to those of P. profundum SS9 (Lauro et al. 2014 ). This plasmid which showed similarity with Vibrio vulnificus plasmid YJ016 in the region spanning the conjugation-related genes is also Fig. 2 Phylogeny of species within the Photobacterium genus based on 16S rRNA sequence data. The horizontal bar indicates a genetic distance of 0.05 absent in a pressure-adapted strain, P. profundum DSJ4 . Photobacterium leiognathi lnuch.1.1 and lrivu.1.1 show DNA bands of size consistent with plasmid, ranging from 1.5 kb to more than 23 kb , and plasmids smaller than 25 kb were present in P. leiognathi lnuch.13.1, lelon.2.1 and lnuch.21.1 (Ast et al. 2007a) . No detectable plasmid was observed in P. leiognathi lelon.1.1 , and no plasmids of 35 to 40 kb or greater were detected in lnuch.13.1 or lnuch.21.1 (Ast et al. 2007a) .
Photobacterium damselae plasmid on the other hand has shown to carry antibiotic resistance and virulence markers. P. damselae subsp. damselae isolated from seawater at a coastal aquaculture site in Japan has 200-kbp plasmid, named pAQU1, and carried seven drug resistance genes and a complete set of genes, encoding the apparatus for the type IV secretion system (T4SS) with a unique duplication of traA (Nonaka et al. 2012 ). pPHDD1, a 153-kb plasmid present in P. damselae subsp. damselae encodes damselysin (Dly), as well as a homologue of the pore-forming toxin HlyA. Both contribute to haemolysis and virulence in fish and mice (Rivas et al. 2011 (Rivas et al. , 2013a . P. damselae subsp. piscicida plasmid pPHDP10 is comprised of 9631-bp nucleotide and the virulent Phdp which secretes AIP56, an exotoxin pathogenic towards sea bass macrophages and neutrophils (do Vale et al. 2005) . Interestingly, this pPHDP10 plasmid also has integrative conjugative elements (ICE) that enable virulence gene transfer (Osorio et al. 2008) and plays an important role in the dissemination of antibiotic resistance genes in Vibrio cholerae. The resistance plasmid of P. damselae subsp. piscicida is also found to carry several drug resistance genes including a class A β-lactamase gene for ampicillin resistance (Morii et al. 2004 ) and catI and catII genes for chloramphenicol resistance (Morii et al. 2003) .
Genomic analysis of Photobacterium has allowed for further biological study of Photobacterium. It is shown through genomic analysis of P. profundum that there are genes involved in an adaptation to piezopsychrophilic conditions. These genes are responsible for the adaptation of this P. profundum in low-temperature and high-pressure condition, thus explaining the ability of this bacterium to survive in deepsea habitat (Lauro et al. 2009 ). Another study revealed that the genome of the luminous Photobacterium phosphoreum ANT-2200 has two sets of flagellar genes, which serve a function under different pressures and viscosities and are highly conserved compared to the flagellar genes of P. profundum strain SS9 . Considering the role played by the genes mentioned above toward the adaptation and survival of Photobacterium in a deep-sea environment, more thorough genomic studies on Photobacterium should be done to discover its potential. Therefore, additional genome sequencing project and genomic analyses would enhance the understanding of Photobacterium species in response to their environment.
Pathogenicity
Most species of Photobacterium are non-pathogenic. However, some non-luminous species such as Photobacterium rosenbergii (Thompson et al. 2005) and Photobacterium jeanii (Chimetto et al. 2010 ) were found to be associated with numerous species of diseased and healthy sponges (Table 3) . Moreover, two subspecies of P. damselae appeared to be pathogenic (Urbanczyk et al. 2011a) . P. damselae subsp. damselae is considered as a bacterial pathogen of human and many aquatic organisms comprising fish, molluscs and crustaceans. The species is capable of producing extracellular products (ECPs), which enhance its nutrient assimilation or proper invasion within a host. Some major fragments of ECPs which cause virulence include proteases, hemolysins and siderophore-mediated iron sequestering. All these fragments cause tissue destruction and haemorrhage, therefore leading to colonization, invasiveness and dissemination of bacterial pathogen within its host. This species also showed cytotoxin activity for several fish and mammalian cell line. The main virulence factor found in P. damselae subsp. damselae is damselysin which is described as thermostable extracellular cytotoxin of about 69 kDa. It is also known as phospholipase D going against the sphingomyelin of membrane erythrocyte (Kreger et al. 1987 ). This heat-labile and protease-sensitive cytolytic toxin was first described by Kreger (1984) and Gray and Kreger (Gray and Kreger 1985) . In addition, the distribution of damselysin genes is only found in P. damselae subsp. damselae (Cutter and Kreger 1990) and not in other species. This damselysin exhibits a haemolytic function against various types of erythrocyte including several species of wild fish and fish that has economic importance (Rivas et al. 2013b; Terceti et al. 2016) . P. damselae subsp. damselae also could cause opportunistic infections in humans that result in an extreme variant of a highly severe necrotizing fasciitis. However, an infection in humans usually involves the initial exposure of the wound to salt or brackish water and usually happens in a coastal area (Morris et al. 1982; Shin et al. 1996; Goodell et al. 2004) . Similarly, P. damselae subsp. piscicida is responsible for causing fish pasteurellosis or pseudotuberculosis, which describes the presence of many bacterial cells within the host body, particularly blood. Pasteurellosis is seen as one of the most threatening bacterial diseases in marine culture worldwide as a result of its wide host range, high mortality rate and extensive distribution (Barnes et al. 2005 ). The pathogen is capable of infecting different varieties of marine fish, including yellowtail (Seriola quinqueradiata) in Japan, gilthead sea bream (Sparus aurata), sea bass (Dicentrarchus labrax), sole (Solea senegalensis and Solea solea) in Europe, striped bass (Morone saxatilis), white perch (Morone americana), hybrid striped bass (Morone chrysops) in the USA, cobia (Rachycentron canadum) in Taiwan and golden pompano (Trachinotus ovatus) in China (Romalde 2002; Ho et al. 2011; Wang et al. 2013) . 
Photobacterium iliopiscarium
Fish Fish spoilage (Urbanczyk et al. 2011a) Various virulence mechanisms of P. damselae subsp. piscicida have been illustrated. One of the virulence mechanisms used by this bacterium is a polysaccharide capsular material, which plays a vital role in pathogenesis. It gives resistance to serum killing, hence promoting fish mortality (Andreoni and Magnani 2014) . Moreover, the intracellular dwelling of this bacterial pathogen is expected to render protection against specific and non-specific host defences and external antimicrobial compounds (Andreoni and Magnani 2014; Elgendy et al. 2015) . Extracellular products in connection with phospholipase, cytotoxic and haemolytic activities may be detrimental to the infected cells, thereby enhancing the release of microorganisms and proliferation to the adjacent cell which contribute to the development of the disease (Elgendy et al. 2015) . The major pathogenicity factor of P. damselae subsp. piscicida is an exotoxin, the plasmidencoded apoptosis-inducing protein of 56 kDa (AIP56). It is secreted in large quantities by the virulent strain and is responsible for apoptogenic activity against sea bass phagocytic cells in acute fish pasteurellosis (do Vale et al. 2005) . The AIP56 toxin is a zinc-metalloprotease that performs its function by splitting NF-B p-65, with catalytic activity situated at Nterminal domain and C-terminal domain bind and invade into the cytosol of a target cell (Silva et al. 2013) . The AIP56 causes the activation of caspases 8, 9 and 3, loss of mitochondrial membrane potential, discharge of cytochrome c into the cytosol and oversecretion of reactive oxygen species, hence activating both extrinsic and intrinsic apoptotic pathways (Costa-Ramos et al. 2011) . With the activation of the cell death process, the pathogen is capable of overcoming the immune system of the host and cause infectious diseases.
Another important virulence mechanism in P. damselae subsp. piscicida is the procurement of iron from its host body using high-affinity iron-binding siderophores. This siderophore produced by P. damselae subsp. piscicida DI21 was encoded by a gene cluster that has a similar structure to Yersinia high-pathogenicity island (HPI) responsible for piscibactin biosynthesis (Souto et al. 2012; Osorio et al. 2015) . These 11 genes (dahP, araC1, araC2, frpA, irp8, irp2, irp1, irp3, irp4, irp9 and irp5) are present in the plasmid pPHDP70 (Osorio et al. 2015) . Inactivation of the irp1 by insertional mutation renders the P. damselae subsp. piscicida DI21 to produce siderophores, hence impairing piscibactin production. This leads to death in iron-limiting conditions and decreases virulence for fish (Osorio et al. 2006 (Osorio et al. , 2015 .
Photobacterium and the lux genes for bioluminescence
Bioluminescence is commonly defined as the ability of organisms to emit visible light using natural chemical reactions (Malave-Orengo et al. 2010) . Bioluminescence exists in a wide group of organisms ranging from prokaryotic to eukaryotic microorganisms. It occurs both in marine and terrestrial habitats, but more predominantly in marine habitats such as oceans. Bacterial bioluminescence has been suggested to have physiological and ecological benefits for the bacteria (Dunlap and Kita-Tsukamoto 2006; Urbanczyk et al. 2011a) . Currently, about 25 species of luminous bacteria have been discovered in the three genera of Shewanella (Shewanellaceae), Photorhabdus (Enterobacteriaceae) and Vibrionaceae (Aliivibrio, Photobacterium and Vibrio) (Ast et al. 2009; Yoshizawa et al. 2009; Dunlap et al. 2009; Urbanczyk et al. 2011a) .
The genus Photobacterium consists of both luminous and non-luminous species. The luminous species is comprised of P. angustum (certain strains), P. aquimaris, P. damselae (certain strains), P. kishitanii, P. leiognathi, P. mandapamensis and P. phosphoreum (Urbanczyk et al. 2011a ). This group of Photobacterium spp. carries genes for luminescence known as luxCDABEG (or lux operon) (Dunlap 2014) . The genes luxCDABEG are well conserved, contiguous, and highly coordinated in their function. The luxA and luxB genes code for the α and β subunits of the luminescence enzyme, luciferase. This enzyme can activate the oxidation of its substrate, luciferin, and is facilitated by a reduced coenzyme, flavin mononucleotide. Other genes, such as luxC, luxD and luxE, encode the protein that composes the fatty acid reductase complex for aldehyde synthesis, while luxG encodes for flavin reductase (Dunlap and Kita-Tsukamoto 2006; Nijvipakul et al. 2008; Dunlap et al. 2009; Dunlap 2014; Urbanczyk et al. 2011a ). Moreover, an additional gene called luxF was also discovered in lux operon of some species, e.g. P. kishitanii, P. phosphoreum, P. mandapamensis and P. aquimaris and the luminous strain of P. angustum. The luxF is situated between luxB and luxE and might take part in bioluminescence but is not necessarily required for light formation. Moreover, the luxF gene has been secondarily lost in P. leiognathi Kaeding et al. 2007; Urbanczyk et al. 2011a; Dunlap 2014) . In addition, the lux operon of the Photobacterium contains additional genes, i.e. ribEBHA, that is involved in the synthesis of riboflavin. Together, these genes form lux-rib operon or luxCDABFEG-ribEBHA. Some strains of P. phosphoreum do not carry ribE in the luxrib operon; this might have been lost in the differences from an ancestral Photobacterium which brought about this species (Lin et al. 2001; Ast et al. 2007b; Urbanczyk et al. 2011a; Dunlap 2014 ).
Importance of Photobacterium sp.
Photobacterium is shown to be an important group of bacteria because of their ability to produce polyunsaturated fatty acid, cold-adapted lipase, asparaginase, esterase and antimicrobial compounds. They are also used as biosensors in food and environmental monitoring and detectors of drown victim, as well as a symbiont.
Polyunsaturated fatty acids producer
Photobacterium sp. has also been identified to be amongst the producers of polyunsaturated fatty acid, which is eicosapentaenoic acid (EPA). Some of the species of Photobacterium spp. such as P. profundum (strain of DSJ4 and SS9), P. frigidiphilum and Photobacterium sp. strain SAMA2 produce a large quantity of long-chain polyunsaturated fatty acid, particularly EPA (Nogi et al. 1998; Allen and Bartlett 2002; Freese et al. 2009 ). The ability of these species to produce EPA is due to the presence of polyketide synthase pathway (Fang et al. 2002; Orikasa et al. 2006; Fang and Kato 2007; Orikasa et al. 2009 ). EPA is a highly significant compound in the pharmaceutical, medical and nutritional fields (Tilay and Annapure 2012) . Consuming EPA in food has shown to prevent heart disease and nervous system and inflammatory disorders (Adarme-Vega et al. 2012; Raatz et al. 2013; Sato et al. 2013; Zulyniak et al. 2013 ).
Source of cold-adapted lipases, esterases and asparaginase
Lipases and esterases are enzymes that catalyse both the hydrolysis of triaclyglycerides and the synthesis of esters. Lipases and esterases have many industrial and commercial applications including the production of useful secondary compounds such as detergents, additives in food industries, bioremediation and biotransformation (reviewed in Joseph et al. 2008; Hasan et al. 2006; Panda and Gowrishankar 2005; Li et al. 2014; Choudhury and Bhunia 2015) . Coldadapted lipases have nowadays gained attention because of their continuous use in the organic synthesis of chiral intermediates. This is due to their optimum low temperature and high activity in psychrophilic conditions, which are promising properties for the formation of relatively fragile compounds (Gerday et al. 2000) . P. lipolyticum M37, P. profundum SS9 and P. frigidiphilum were found to produce cold-adapted lipase. Lipases from these species exhibited high activity at 25°C and preserved its activity at a low temperature range of 5-25°C (Seo et al. 2005a; Ryu et al. 2006) . Moreover, lipase from Photobacterium lipolyticum M37 was capable of producing biodiesel up to 70 % of the maximum yield. It also requires little activation energy; a quality which makes it suitable for biodiesel production (Yang et al. 2009; Han and Kim 2011) . Photobacterium sp. strain J15 was also found to produce esterase (Shakiba et al. 2016) . The J15 esterase gene was cloned and expressed in Escherichia coli. The recombinant protein showed novel cold-adapted GDSL esterase exhibiting special catalytic properties such as higher activity at low temperature (20°C), which could be applied as an additive in detergents.
Asparaginase has been found to exhibit broad applications in pharmaceutical and food industries. The enzyme was first discovered from guinea pig serum and found to have shown inhibition of lymphoma, which is a type of blood cancer. Despite the reports on L-asparaginase obtained from several Gram-negative bacteria, the application of this enzyme is still questionable as a result of ineradicable glutaminase activity which displays some side effects during treatments. Even though L-asparaginase has been used massively for the past 30 years, its toxicity problem during the treatment is still unresolved. In this regard, some marine bacteria have the ability to produce asparaginase with less or no toxicity during the treatment. Photobacterium strain J15 produces asparaginase which can work at physiological pH and has little glutaminase activity. This quality has made the enzyme to be a good agent in the treatment of human cancer (Yaacob et al. 2014 ).
Antibacterial compound producer
The continuous increase in the global antimicrobial resistance among human pathogens has led to an in-depth exploration for compounds with alternative therapeutic strategies (Clatworthy et al. 2007) . It was reported that marine bacteria especially those belonging to the family of Vibrionaceae under the class of Gammaproteobacteria produce some natural products with antimicrobial properties (Bérdy 2005; Clardy et al. 2006; Oku et al. 2008) . Photobacterium spp. have been found to produce important secondary metabolites that show inhibition of the growth of many pathogenic bacteria (Oku et al. 2008) . Recently, a pyrrothine antibiotic compound, homolycin, was isolated from Photobacterium halotolerans S2753 (Wietz et al. 2010; Desriac et al. 2013) . Before this discovery, homolycin was only known to be isolated from Actinomycetes and Streptomyces sp. (Hou et al. 2008) . Homolycin has a wide range of antibacterial potency against several pathogenic bacteria such as Staphylococcus aureus, Streptococcus pneumonia, Staphylococcus epidermidis, Enteroccous faecalis and E. coli (Oliva et al. 2001) . The mode of action of homolycin in E. coli involves the inhibition of RNA elongation (Oliva et al. 2001) . Homolycin also has strong inhibition against many strains of Roseobacter clade, Pseudoalteromonas and some pathogenic Vibrio such as V. harveyi, V. vulnificus and V. parahaemolyticus (Wietz et al. 2010) . P. phosphoreum was found to produce korormicin which has inhibitory activity against all Gram-negative marine bacteria. However, this antibiotic does not have inhibitory activity against Gram-negative terrestrial bacteria, such as E. coli or all Gram-positive bacteria (Yoshikawa et al. 1997) .
Another two novel depsipeptides that showed virulence interference were isolated from P. halotolerans. These depsipeptides were designated as solonamide A and B (Fig. 3) . They are involved in the inhibition of agr quorum sensing system in S.aureus, hence interfering with its virulence gene expression (Queck et al. 2008; Mansson et al. 2011b; Nielsen et al. 2014) . Solonamide B drastically reduced the expression of both hla-encoding α-hemolysin and RNAIII, while enhancing the expression of spa-encoding protein A (Mansson et al. 2011a) . Solonamides can also interfere with the virulence activity of other Gram-positive bacteria in marine habitat such as members of the Bacillus and Actinobacteria groups. Shizuri and his team had successfully isolated two classical groups of depsipeptides, denoted as ngercheumicins (Adachi et al. 2007 ) and unnarmicins (Oku et al. 2008) . The unnarmicins A and C contain four amino acids: two Phe and two Leu and 3-hydroxyoctanoic or 3-hydroxyhexanoic fatty acid, respectively. Unnarmicin showed high activity but narrow-spectrum antibacterial potency against the species of Pseudovibrio genus. The ngercheumicins A-E contain a depsipeptide macrocycle and appeared as either fatty acid or peptide tail. These compounds have been used to treat infections caused by Pseudovibrio denitrificans even though no precise literature explained the pathogenic pattern of this bacterium (Nyholm et al. 2000) . Other potential pteridine compounds produced by P. phosphoreum are 7-hydroxy-6-methyl-8-(1-D-ribityl) lumazine, photolumazines A-C and 6-methyl-8-D-ribityl-2,4,7-trioxopteridine. These compounds are believed to have participated in riboflavin synthase inhibition (Suzuki and Goto 1973) .
Biosensors in food and environmental monitoring
Various approaches have been used as bioindicator tools for monitoring of hydrocarbon-contaminated soil. One approach is microbial bioluminescence (Steinberg et al. 1995; Phillips et al. 2000; Maila and Cloete 2005) . A commonly used bioluminescence assay is Microtox. It is a commercially available ecotoxicity test that uses the naturally occurring bioluminescent bacteria, P. phosphoreum and Photobacterium fischeri, in monitoring toxicity of petroleum hydrocarbon (NunesHalldorson and Duran 2003; Onwurah et al. 2007; Shen et al. 2016 ). The P. phosphoreum Microtox system is applied in the assessment of toxicity in remediated soil from a polluted site with a large volume of pesticides and their essential metabolites (Johnson 2005) . It is used to determine the effectiveness of toxicity reduction during wastewater treatment and surface water monitoring for the identification of point source and non-point source pollution. This is used in the offshore oil and gas industry to monitor discharges from offshore installations at the origin (Nunes-Halldorson and Duran 2003). Other crucial uses of P. phosphoreum Microtox test include the following: monitoring raw drinking water to detect contamination due to point source or non-point source pollution, biocide monitoring of industrially processed waters, bioterrorism and toxicity reduction evaluations and toxicity identification evaluations (Johnson 2005) . Moreover, bioluminescence technology enables detection and assessment of sterilization techniques without the need for prolonged procedures of homogenizing and culturing multiple samples. This method also helps to detect the position of bacteria on the food surface (Alloush et al. 2006) .
Detecting a drown victim
Scientists have designed a technique that involves the use of Photobacterium to differentiate between fresh-and saltwater (Kakizaki et al. 2008) . This technique has helped identify the location where a victim has drowned. The procedure was simple, inexpensive and reliable as compared to diatom testing technique which was used previously. Photobacterium is smaller than diatoms and can obviously get into the bloodstream via capillaries in the lungs when saltwater is present. A blood sample collected from a victim's femoral vein and heart Fig. 3 The structure of antimicrobial compounds which are homolycin, solonamides and cyclopeptides obtained from different Photobacterium spp can be cultured on media containing a high amount of sodium chloride to selectively isolate marine bacteria rather than other naturally occurring strains. The colonies produced will be observed for bioluminescent Photobacterium. The light emission released by these species facilitates quick identification. Once these bacteria are identified, then the criminologist can quickly understand where the victim identifies the location of the drowning, as this species can only dwell in a saltwater environment (Kakizaki et al. 2008 (Kakizaki et al. , 2009 (Kakizaki et al. , 2011 Uchiyama et al. 2012) .
Symbiont
Some members of Photobacterium species such as P. kishitanii, P. leiognathi, P. mandapamensis and P. phosphoreum that produce light participate in a symbiotic relationship with marine organisms (e.g. fish and squid) Kaeding et al. 2007 ). In this relationship, the animal provides nutrients and oxygen to the luminous bacteria which dwell at the gland-like tissue of the animal or as it is called, the light organ. In return, the light emitted from the bacteria is used by the animals in sex-specific signalling and predator avoidance by counterillumination and flashing, locating or attracting prey and schooling (Sasaki et al. 2003; Dunlap et al. 2004; Jones and Nishiguchi 2004; Sparks et al. 2005) . Photobacterium relationships with marine animals are not an obligation, and the symbionts can exist and reproduce outside of the host (Urbanczyk et al. 2011a) . Bioluminescent symbiosis may contribute immensely to the abundance and distribution of the symbiotic bacteria in seawater. The growth of the bacterial population in the light organ can result in the continual or daily discharge of luminous bacterial cells into the habitat (Boettcher and Ruby 1995; Lee and Ruby 1994) . The cells were discharged either directly into the seawater, as in monocentrid fish and sepiolid squids, or indirectly through the gut tract, as in leiognathid fish.
Summary and future perspectives
In this review, we have described the biology of Photobacterium species through microbiological analysis. Further understanding about this species can also be achieved through the combination of other fields such as molecular biology, systems biology, structural biology and bioinformatics. Therefore, research should be focused on these areas to comprehensively understand the biology of Photobacterium spp. Currently, there is a huge knowledge gap in the systems biology information of Photobacterium. At the systems biology level, we have only begun to scratch the surface of the genome data. There is still a lack of understanding of what features the Photobacterium genome encodes, such as novel genes potentially involved in the adaptation to specific niches.
On another note, study on the genome scale metabolic model of Photobacterium has yet to be explored. A genome scale model of Photobacterium could provide an insight into the metabolism of this bacterium in general, hence, predicting the cellular function and metabolites produced by this organism. With certain simulations, a genome scale metabolic model of Photobacterium allows for the exploration of the bacterium in various substrates and effects of gene knockout at the genome scale. This will serve as basis in metabolic engineering and other research areas.
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